Extract of the Japanese apricot (JAE) has biological properties as an antioxidant and anti-inflammatory agent. We hypothesized that JAE might exert therapeutic effects on cigarette smoke (CS)-induced DNA damage and cytotoxicity. In this study, we found that concentrated JAE protects against cigarette smoke extract (CSE)-induced cytotoxicity and DNA damage accompanied by increased levels of aldehyde dehydrogenase (ALDH)2, 3A1, and Werner's syndrome protein (WRN) in immortalized human bronchial epithelial cells (HBEC2) and normal human epidermal keratinocytes (NHEK). Using the centrifugal partition chromatography (CPC) method, we identified an undescribed compound, 5-hydroxymethyl-2-furaldehyde bis(5-formylfurfuryl) acetal (which we named FA-1), responsible for the protective effects against CSE. This chemical structure has not been reported from a natural source to date. Protective effects of isolated FA-1 against CSE were observed in both HBEC2 and NHEK cells. The studies described herein suggest that FA-1 isolated from JAE protects against CSE-induced DNA damage and apoptosis by augmenting multiple isozymes of ALDH and DNA repair and reducing oxidative stress.
. JAE increases WRN and ALDH proteins in immortalized human bronchoepithelial cells. (A) Immortalized HBEC2 cells were cultured in the absence or presence of CSE (0, 2, 4, and 6%) for 24 h after treatment with JAE (0, 1, 2, and 4 mg/mL) for 24 h. Cell viability was determined by the MTT assay. (B) Immortalized HBEC2 cells were cultured in absence or presence of 1.5% CSE for 24 h after treatment with JAE (0, 1, 2, and 4 mg/mL) for 24 h. Immunoblot analysis was performed for WRN, ALDH2, and ALDH3A1 protein. Data are expressed as mean ± SEM for two independent experiments with three triplicate samples.
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Isolation and structural determination of FA-1. Concentrated JAE (250 g) was dissolved in distilled water (1 L), and ethanol (2 L) was added to remove polysaccharide precipitation. Thereafter, n-hexane was added and we performed water:chloroform extraction, obtaining the chloroform fraction (9.26 g) from the water fraction. Next four subfractions (F1, F2, F3 and F4) were prepared from the chloroform fraction using an ODS column. These four subfractions were screened for their ability to protect cells in vitro from CSE induced-cytotoxicity (data not shown). The F2 fraction conferred the highest protection against CSE induced-cytotoxicity ( Supplementary Fig. S1 ). Therefore, centrifugal partition chromatography (CPC) was performed using two phases that were composed of n-hexane:ethyl acetate (EtOAc):methanol (MeOH):water = 3:7:5:6 (v/v) for direct isolation of active compounds from the chloroform fraction. The eluate (F2, 815.25 mg) from the CPC was monitored at 280 nm by UV 22 . To purify active compound, FA-1 (18.53 mg) from the F2 fraction was successively isolated and purified using preparative ODS thin layer chromatography (TLC) using 50% and 60% MeOH (Fig. 2 ) as the solvent.
FA-1 confers effective protection against CSE-induced cytotoxicity, so we sought to discover the structure of the FA-1 compound. The NMR data of FA-1 is shown in Fig. 3 . 1 H NMR, 13 C NMR spectra, and the key HMBC correlations of FA-1 are illustrated in Fig. 3 . FA-1 has the molecular formula C 18 3A ). The structure of this compound was elucidated as a trimer of 5-hydroxymethyl-2-furaldehyde based on their NMR spectra ( 1 H NMR, 13 C NMR, COSY, HSQC, and HMBC) ( Supplementary Fig. S2-9 ). On the 1 H NMR spectrum, two sets of similar signals of which the ratio of the integration values are almost 2:1 were shown. Both sets of these signals were assigned as the 5-hydroxy-2-furaldehyde skeleton on the basis of a conjugated aldehyde signal (δ C 178.1, δ H 9.54, s), two sets of olefinic methine protons coupling with each other with J values 3. 
FA-1 increases ALDH and WRN proteins in a dose dependent manner and protects against CSE-induced cytotoxicity in immortalized human bronchial epithelial cells.
To determine the effect of FA-1 on ALDH2, ALDH3A1, and WRN protein in vitro, HBEC2 cells were cultured after treatment with various concentrations of the FA-1 (5, 25, 50, 75 , and 150 nM in DMSO (dimethyl sulfoxide)) or the vehicle (Corresponding to 1.0% volume of DMSO). FA-1 increases ALDH2, ADLH3A1, and WRN protein expression in a dose dependent manner (Fig. 4A ). These data suggest that FA-1 enhances ALDH2, ALDH3A1 and WRN protein in HBEC2 cells and the effect of FA-1 was same as JAE. Thus, we decided and used 150 nM concentration of FA-1 for the next experiment. Furthermore, to determine the effects of FA-1 on CSE-induced cytotoxicity, HBEC2 cells were cultured with 2 mM of N-acetyl-L-cysteine (NAC), a thiol antioxidant or 150 nM of FA-1 in vehicle in the presence or absence of 6% CSE for 24 h. In this study, 2 mM of NAC did not confer protection against 6% CSE-induced cytotoxicity in HBEC2. However, FA-1 protected against 6% CSE-induced cytotoxicity according to the MTT assay ( Fig. 4B ). We further determined the effects of FA-1 on CSE-induced apoptosis using flow cytometry with both PI and Annexin V staining. FA-1 attenuates CSE-induced apoptosis (Fig. 4C ). These results indicate that 150 nM of FA-1 increases ALDH and WRN protein and protects against CSE-induced apoptosis in HBEC2 cells.
FA-1 attenuates CSE-induced oxidative damage and DNA damage in immortalized human bronchial epithelial cells.
CS exposure is known to increase protein adducts of 4-HNE, a marker of oxidative stress 13 and DNA damage as evidenced by an increase in phosphorylation of ATM 17, 23 . To determine the effects of FA-1 on CS-induced oxidative stress and DNA damage, HBEC2 cells were cultured with or without CSE in the presence or absence of 150 nM FA-1 for 24 h. We found that FA-1 attenuates accumulation of 4-HNE protein adducts and phosphorylation of ATM in CSE-exposed HBEC2 cells ( Fig. 5 ). These data indicate that FA-1 protects against CSE-induced oxidative stress and DNA damage in cultured HBEC2 cells.
FA-1 increases ALDH2 and WRN protein and attenuates CSE-induced downregulation of WRN protein in normal human epidermal keratinocytes.
To determine the effect of FA-1 on ALDH2 and WRN protein in vitro, NHEK cells were cultured after treatment various concentrations of the FA-1 (5, 25, 50, 75, and 150 nM in DMSO (dimethyl sulfoxide)) or the vehicle (Corresponding to 1.0% volume of DMSO). FA-1 enhanced ALDH2 and WRN protein expression in a dose dependent manner in NHEK cells (Fig. 6A ). Due to the production of low ALDH3A1 protein in NHEK cells, ALDH3A1 was not detected. These data suggest that FA-1 protects against CSE-induced cytotoxicity and enhances ALDH2 and WRN protein in HBEC2 cells and the effect of FA-1 was same as JAE.
To determine the effects of FA-1 on CSE-induced downregulation of WRN protein, we cultured HBEC2 cells with FA-1 (150 nM) or the vehicle in the presence or absence of 1.5% CSE. FA-1 attenuated CS-induced downregulation of WRN protein in cultured HBEC2 cells (Fig. 6B) . These data indicate that FA-1 preserve WRN protein expression and provides resistance to CS-induced downregulation.
FA-1 protects against CSE-induced cytotoxicity and DNA damage in normal human epidermal keratinocytes.
To determine the effects of FA-1 against CSE-induced cytotoxicity, NHEK cells were cultured with FA-1 (150 nM) or the vehicle. FA-1 protected against CSE-induced cytotoxicity according to the MTT assay (Fig. 7A ). CSE exposure caused DNA damage as evidenced by an increase in phosphorylation of ATM and H2AX.
To determine the effects of FA-1 on CSE-induced DNA damage, we cultured NHEK cells with FA-1 or the vehicle in the presence or absence of CSE. FA-1 decreased CSE-induced phosphorylation of ATM and H2AX (Fig. 7B) . These data indicate that FA-1 protects against CSE-induced cytotoxicity and DNA damage in cultured NHEK cells. 
Discussion
This is the first report to demonstrate the protective effects of a novel compound, 5-hydroxymethyl-2-furaldehyde bis(5-formylfurfuryl) acetal, from concentrated JAE on CSE-induced cytotoxicity, DNA damage and oxidative stress in cultured HBEC2 and NHEK cells. We successfully isolated and determined the structure of 5-hydroxymethyl-2-furaldehyde bis(5-formylfurfuryl) acetal (which we named FA-1) from concentrated JAE, which has not been identified from a natural source to date. FA-1 protected against CSE-induced apoptotic cell death, DNA damage, and oxidative stress in cultured HBEC2 and NHEK cells. These protective effects of FA-1 were accompanied by increased protein expression of ALDH2, ALDH3A1, and WRN protein.
Japanese apricot contains various phytochemicals, such as polyphenolic and chlorogenic acid compounds 24 , and has antioxidant, anti-inflammatory, and innate immunity-enhancing biological effects [1] [2] [3] [4] . JAE may prevent cardiovascular disease through an anti-oxidative effect on angiotensin II-induced ROS generation 6 . Triterpenoids in JAE have both anti-tumor and anti-inflammatory effects 7 . JAE has been reported to demonstrate an anti-inflammatory activity in vitro 5 . Finally, JAE has a skin-whitening effect by inhibiting melanin production via regulation of melanogenesis-associated protein expression in melanocytes 1 .
In this study, we isolated and identified the novel natural product FA-1, which confers effective protection against CSE-induced cytotoxicity in vitro, from concentrated JAE. The structure of FA-1 is based on a trimer of 5-hydroxymethyl-2-furaldehyde (HMF). HMF has been shown to have anti-oxidant and anti-inflammatory properties 25, 26 . Furthermore, HMF significantly suppressed the hepatic levels of the pro-inflammatory response marker tumor necrosis factor-alpha (TNF-α) and interleukin-1β (IL-1β) 25 . Since the structure of FA-1 is based on a trimer of 5-HMF, for which there is a conjugate aldehyde, it is possible that the cytoin thiol (SH) of the enzyme and related proteins may be modified by the Michael reaction to form this compound. In the future, we will undertake to change the aldehyde conjugation of 5-HMF by organic synthesis method and determine whether the protective effects of FA-1 are changed.
In this study, we have shown that FA-1 protects against cigarette smoke-induced cytotoxicity and increases ALDH2 and 3A1 while preserving WRN protein in HBEC2 cells. Previous studies have demonstrated that JAE, from which FA-1 is extracted, induced the activity of alcohol metabolizing enzymes, such as alcohol dehydrogenase (ADH) and acetaldehyde dehydrogenase (ALDH) 27 . While ALDH1A3, ALDH2, ALDH3A2, ALDH3B1, ALDH5A1, ALDH19A1, ALDH16A1 and ALDH18A1 were significantly upregulated in CSE-exposed primary HBEC2 cells, no ALDH isozymes were downregulated by CSE. We previously reported that the effects of overexpression or suppression of ALDH3A1 on CSE-induced cytotoxicity and DNA damage (γH2AX) were evaluated in cultured, immortalized HBEC2 cells. Forced expression of ALDH3A1 attenuated cytotoxicity and downregulated γH2AX 14 . Furthermore, Patel and colleagues also showed that both gene and protein expression of ALDH3A1 were upregulated in airway epithelial cells of smokers relative to those of nonsmokers 11, 28 . ALDH3A1-transfected cells are more resistant to cytotoxicity by various genotoxins, such as hydrogen peroxide, 4-HNE, mitomycin C, etoposide and ultraviolet light than are mock-transfected control cells [11] [12] [13] . Although lower intracellular concentration of 4-HNE promotes proliferation, antioxidant defense and compensatory mechanisms, higher concentration of 4-HNE triggers toxic pathways such as the induction of caspase enzymes, apoptotic cell death, and oxidative stress. Furthermore, 4-HNE has been linked in the pathology of Alzheimer's disease, diabetes, cataract, and cancer 29, 30 .
We further investigated the significant activity of FA-1 that attenuated CSE-induced apoptosis and DNA damage and augmented DNA repair in cultured HBEC2 and NHEK cells. FA-1 pretreatment significantly suppressed CSE-induced DNA damage and oxidative stress and also attenuated CSE-induced apoptosis. N-acetylcysteine (NAC) is an antioxidant drug with the potential to prevent lung injury [31] [32] [33] [34] . Treatment of alveolar type II cells with NAC (0.5 μM) for 24 hours with low concentration of CSE (1.5% and 3%) significantly decreased apoptosis 34 . However, in this study, 2 mM of NAC did not confer such protection against 6% CSE-induced cytotoxicity in HBEC2, whereas 150 nM of FA-1 did protect against 6% CSE-induced cytotoxicity. We also reported that an antioxidant diet as compared to the regular diet significantly reduced neutrophilic inflammation and emphysema in mice exposed to a high concentration of cigarette smoke 35 . Additionally, we demonstrated that the brown algae derived compound, apo-9′-fucoxanthinone (Apo9F), confers robust protection against CSE-induced DNA damage and cytotoxicity in immortalized human bronchial epithelial cells 36 . Hsu et al. also reported Ginkgo biloba extract (EGb), which is a natural product, protected against CSE-induced oxidative stress-related apoptosis in human primary airway epithelial cells 37 . Furthermore, we reported that cigarette smoke induces cellular senescence and cell migration impairment via Werner's syndrome protein down-regulation. Preservation of Werner's syndrome protein may represent a potential therapeutic target for smoking-related diseases 16 . Hence, this observation is important because FA-1, which was isolated from concentrated JAE, augments multi-isozymes of ALDH2 and 3A1, and preserves WRN. Finally, FA-1 protects against CSE-induced DNA damage, oxidative stress, and apoptosis. Further studies will be required to determine the protection of FA-1 pretreatment on CS-induced emphysema and COPD using an in vivo system. 
